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Conventional mean-square-error (MSE) optimized image compression schemes [1, 2] aim to minimize not perceptual but rather a mathematical error measure. On the contrary, perceptually optimized schemes [3−5] are optimized according to image's perceptual distortion function; they attempt to exploit the properties of the human visual system (HVS) to remove statistic redundant as well as perceptually less significant information from the image.
Recently, image's contrast measurement [6] has been proved to be reliable to represent image's perceptual quality and successfully applied for image compression [3] . Chandler et al. proposed a contrast-based coding algorithm [3] by designing quantization step sizes for each discrete wavelet transform (DWT) subband, such that the quantization-induced distortions exhibit specific contrast in the reconstructed image; that is, this method is a quality-oriented method, since the quantization steps are determined according to the desired image's quality. However, it may not be convenient for real-world applications, where the image coding scheme typically needs to be designed to satisfy the requirement of channel's bandwidth, instead of image's desired quality.
In contrast to the above quality-oriented approach [3] , a rate-oriented image coding method is proposed in this letter. The proposed method controls the quantization stage by adapting the quantizer's reconstruction levels in order to achieve the highest perceptual performance (in terms of image's contrast measurement), while satisfying the required bit rate.
The aim of the proposed approach is to find an optimal quantization step for each subband to achieve a highest perceptual image quality, given the desired bit constraints. The proposed algorithm can be summarized as below.
Firstly, for each possible quantization step, its resulting perceptual distortion (in sense of image's contrast measurement) is calculated. For example, for the subband S i,j (with the ith decomposition level and the jth orientation) under consideration, the above possible quantization step's resulting distortion (in sense of the MSE of the wavelet coefficients) is computed, followed by computing its resulting distortion (in sense of the MSE of image's spatial-domain pixel) and computing its resulting perceptual distortion (in sense of image's contrast measurement).
For each quantization step (denoted as Q i,j ), which is applied to all the coefficients of the subband S i,j , we compute its resulting distortion of wavelet coefficients (in sense of MSE) as
where D W i,j represents the number of coefficients of the subband S i,j ,Ŝ Qi,j i,j represents the reconstructed subband by applying a quantization with a step Q i,j to the subband S i,j .
The spatial-domain distortion (denoted as D S i,j ) contributed by this subband (in sense of MSE) is calculated by multiplying a weighting factor with the above wavelet coefficient' distortion [8] :
where
2 , g and h are the low-pass filter and the high-pass filter used in the wavelet decomposition, respectively.
The perceptual distortion (denoted as D P i,j ) contributed by this subband is then calculated. For that, we use root-mean-square (RMS) contrast to measure the perceptual distortion, since it is a fairly good index for the detectability of the distortion [6] , that is,
whereS i,j is the mean of absolute value of all coefficients of the subband S i,j . The total perceptual distortion is computed by combining all subband's distortions into a single index D using the complex stimuli [3] , that is,
where b 1 (S i,j ) and b 2 (S i,j ) are the weighting factors for the subband S [3] i,j . Next, for each possible quantization step, its desired bits are computed. The state-of-the-art ρ-domain rate distortion model [8] shows that the bits R i,j needed in the image compression only depend on the ratio (denoted as ρ i,j ) of zero coefficients in images after the quantization. Furthermore, the total desired bits are [8] R total = i j
where the parameter θ is referred to Ref. [8] .
Finally, the mathematical relationship between the quantization step Q i,j and the desired bits R total is established through Eqs. (1)- (5). Since there is no closed-form expression to determine the optimal quantization step Q i,j given the desired bits R total , all permissible quantization steps are exhaustively compared to determine the optimal one, which could achieve the lowest perceptual distortion under the constraints of the available bit rate. Note that the dynamic programming technique [9] could be used to reduce the computational load for finding the optimal quantization steps. Then, the conventional set partitioning in hierarchical trees (SPIHT) algorithm [1] is used to encode the wavelet coefficients. Furthermore, the encoded bit-stream will be chopped once the desired bits are reached.
Experiments were conducted to compare the proposed approach with the conventional SPIHT algorithm [1] and a recently-developed perceptual image coding algorithm [10] , using the well-known "Lena" and "Woman" as test images. Wavelet transform was implemented using the well-known Daubechies 9/7 filters with five level decompositions. Three image quality evaluation criterions were used: peak signal-to-noise ratio (PSNR), picture quality scale (PQS) [11] , and weighted signal-to-noise ratio (WSNR) [12] , the later two criterions yield fairly reliable quantitative subjective performance evaluation. The objective performance comparison is provided in Tables 1 (for the PSNR performance), 2 (for the PQS performance), and 3 (for the WSNR performance), respectively. Figures 1-3 present the subjective performance comparison. Furthermore, parts of images compressed at 0.1 bpp (bpp means bit per pixel) are enlarged and presented in Fig. 1 , where one can see that the proposed approach yields superior perceptual image quality, particularly the nose and the mouth region, although its PSNR performance is inferior.
In conclusion, an image coding approach is proposed by controlling the quantization step via mathematically establishing the relationship between the perceptual distortions (in terms of image's contrast measurement) and the target bit rate. Our method is a rate-oriented contrastbased approach, which is in contrast to the conventional quality-oriented contrast-based image coding. Furthermore, our method outperforms several methods [1, 10] by achieving superior perceptual image quality.
